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Circadian clocks function to synchronize the organismal biology, including 
behavior and gene expression, to a 24 hour cycle following the Earth’s axial rotation. 
The circadian clock is most commonly entrained via light, however in organisms who are 
rarely exposed to light, temperature provides another important external cue. Although 
light-entrainment has been heavily studied in higher organisms such as Drosophila 
melanogaster and mammals, little is known how temperature entrains the circadian 
clock. Previous research in the lab has discovered circadian genes entrained by 
temperature cycles in Caenorhabditis elegans (C.elegans), a free-living nematode that 
lives in soil and whose genome has been completely mapped. To further understand 
how temperature entrains the C. elegans circadian clock, a novel circadian reporter was 
developed in which temperature-entrained rhythms can be monitored. Since C. elegans 
has a well-mapped neural circuitry with defined thermosensitive neurons that sense 
small changes in temperatures, we combined the novel circadian reporter with strains in 
which the function of specific thermosensitive neurons were genetically ablated. The 
goal of this thesis is to identify the neural pathways underlying the temperature-









Circadian clocks allow organisms to best adapt to their environment based on 
environmental cues or zeitgebers (time givers), most notably light and temperature 
cycles. Organisms not only sense the change in the environment and respond 
accordingly in their behavior and gene expression, but can also predict these rhythmic 
changes due to the circadian clock. In order for cyclical rhythms to be considered 
circadian they must follow three characteristics: 1) ability to be synchronized (entrained) 
by external time cues, in that the circadian periodicity continues even during constant 
environment cues i.e. constant darkness or constant cold as well as re-entrainability to 
180˚ reversed zeitgebers i.e. light and dark cycles (LD, 12:12) with a repeated light phase 
or dark phase during the reversal; 2) temperature compensated, meaning that circadian 
periodicity is maintained over range of physiological temperatures; and 3) endogenous 
free-running periods of close to 24 hours (Hasegawa, Saigusa, & Tamai, 2005; Vitaterna, 
Takahashi, & Turek, 2001). The rotation of the Earth causes these environmental 
changes, thus making the circadian rhythm a 24 hour cycle (Migliori, Simonetta, 
Romanowski, & Golombek, 2011; Temmerman et al., 2011). Disruptions of these 
circadian rhythms can lead to several disorders, such as major depressive disorder, 
obesity, type 2 diabetes, hypertension, bipolar disorder, and autism spectrum disorder 
(Alesci et al., 2005; Takahashi, Hong, Ko, & McDearmon, 2008; Temmerman et al., 
2011). Thus, a complete understanding of circadian rhythms is highly relevant to human 
health and quality of life. Our knowledge by which light entrains the circadian clock is 
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quite advanced, but relatively little is known about temperature entrainment, even 
though temperature plays a central role in the synchronization of clocks in many 
species, including mammals and flies. The complex architecture of the fly and 
mammalian nervous system makes it difficult to understand how temperature signals 
reach the clock to fine tune circadian rhythms in behavior and physiology at an 
organismal level. Studying these processes in the C. elegans, an extensively used animal 
model with a small and completely mapped nervous system, has the potential to 
functionally dissect the pathways from the temperature input to the circadian driven 
behavioral output. These properties combined with our recent discovery of 
temperature-entrained circadian molecular rhythms in C. elegans could provide 
fundamental information for how temperature entrains the clock. 
 
Temperature is a universal entrainment signal of circadian rhythms 
 Temperature is an entraining agent for circadian rhythms in all organisms, with 
the exception of homeothermic vertebrates (Buhr, Yoo, & Takahashi, 2010). Some 
model organisms in the study of temperature entrainment on the circadian clock include 
the mold Neurospora crassa, the fly Drosophila melanogaster, the mouse Mus musculus, 
and the nematode Caenorhabditis elegans, which are discussed in more detail below. 
 




 The bread mold, Neurospora crassa can be entrained by either light or 
temperature cycles. The pathways by which light and temperature entrainment occurs 
in N. crassa are mechanistically distinct from one another (Buhr et al., 2010). 
Fluctuations in temperature cause posttranscriptional, temperature-dependent 
alternate splicing which results in alternate isoforms of FRQ protein, which is a major 
component of the positive and negative feedback loops responsible for circadian 
rhythms in N. crassa (Buhr et al., 2010; Smolen, Baxter, & Byrne, 2001). It is believed 
that white-collar proteins (WC), which activate frq gene transcription, bind to FRQ, thus 
repressing frq transcription (Figure 1A) (Smolen et al., 2001). Besides this negative 
feedback loop, N. crassa is also believed to have a positive feedback loop, in that an 
increase in FRQ levels is followed by an increase in white-collar protein 1 (WC-1) 
(Smolen et al., 2001). The positive feedback loop is as follows: FRQ enhances 
transcription of wcc (white-collar complex of both wc-1 and wc-2), causing translation of 
more WCC proteins, which activate frq transcription and in turn creates more FRQ 
proteins that enhance transcription of wcc (Figure 1A). 
 





Figure 1. Negative and positive feedback loops of circadian oscillators for Neurospora 
and Drosophila.  These simplistic images show the relative similarities between 
Neurospora and Drosophila circadian mechanisms and the role temperature plays in  -
transcriptional splicing of frq gene in Neurospora and the per gene in Drosophila. “WCC” 
represents a complex of WC-1 and WC-2. “PER” represents a combination of PER and 
TIM levels. (Original image from Smolen et al., 2001). 
 
 
 Drosophila melanogaster 
 The common fruit fly, Drosophila melanogaster, can also be entrained by either 
light or temperature (Buhr et al., 2010). It has been shown that temperature cycles elicit 
both a clock-dependent, circadian response and a clock-independent, temperature-
driven response (Figure 2) (Boothroyd, Wijnen, Naef, Saez, & Young, 2007). In D. 
melanogaster, temperature entrainment and light entrainment pathways have similar 
mechanisms. The negative feedback loop of Drosophila is as follows: dCLOCK and CYCLE, 
both transcriptional activators, form a heterodimer which activates transcription of per 
and tim genes the products, PER and TIM bind to dCLOCK and CYCLE thus inhibiting 
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activation of per and tim transcription (see Figure 1B for a simplified version) (Smolen et 
al., 2001). The positive feedback loop in Drosophila is as follows: when dclock expression 
is activated, newly synthesized dCLOCK-CYCLE protein heterodimers will activate per 
and tim transcription thus creating PER and TIM proteins which will bind to dCLOCK-
CYCLE. The binding of dCLOCK-CYCLE to PER and TIM relieves repression of dclock which 
will in turn increase levels of dCLOCK even further (Smolen et al., 2001). Both light and 
temperature entrainment involves CRY-mediated degradation of TIM and relies on 
expression of the gene nocte. Similar to the Neospora gene frq, the Drosophila per gene 




Figure 2. Model for light and temperature entrainment processing in Drosophila 
circadian clock. Both light and temperature feed input into one central oscillator that in 
turn changes levels of transcripts. Certain transcripts are dually regulate by both the 
central clock and temperature (purple) or light (orange). Independently of the clock, 
thermal stimuli can drive the expression of a large number of transcripts (blue). 
(Boothroyd et al., 2007). 




 The mammalian circadian regulation consists of several key parts working in 
conjunction with each other. It is now agreed upon that most cells in the mammalian 
body contain cell autonomous circadian oscillators that are synchronized by the 
suprachiasmatic nucleus (SCN) of the hypothalamus (Figure 3) (Buhr et al., 2010). The 
SCN, also referred to as the “master clock,” has been shown to be resistant to changes 
in temperatures in laboratory mice, Mus musculus by Buhr et al. (2010). However, the 
peripheral oscillators (cell autonomous circadian oscillators) are sensitive to subtle 
variations in temperature within the physiological range of 36˚C to 38.5˚C in mice. These 
conditions allow the SCN to drive circadian rhythms in body temperature which serve as 
a universal entrainment cue for the peripheral clocks throughout the body. Buhr et al. 
(2010) also found that in the presence on KNK437, an antagonist to the heat shock 
pathway, the peripheral clocks are no longer sensitive to small temperature changes. 
This reveals a critical role for the heat shock response pathway in resetting circadian 
clocks to thermal stimuli. The mechanism of the cell autonomous molecular clock 
involves a transcription-translation negative feedback loop that also involves Clock 
genes and Period genes, similar to Drosophila (Lowrey & Takahashi, 2004). 




Figure 3. Model of the mammalian interaction between the suprachiasmatic nucleus 
(SCN) and the peripheral clocks found in most cells. The SCN is phase resistant to body 
temperature, allowing the SCN to regulate body temperature changes which entrain 
peripheral oscillators in part through heat shock factors (Buhr et al., 2010). 
 
Caenorhabditis elegans 
 The mechanism of temperature entrainment on circadian rhythms of C. elegans 
has not yet been defined, however temperature has been shown to be a viable 
entrainment cue for these animals. Simonetta et al. (2009) confirmed that locomotor 
activity is entrainable by light-dark cycles and by low-amplitude temperature cycles. 
Rhythms entrained by thermal stimuli were confirmed to be circadian by having the 
three key features: entrainment (and reentrainment), free-running, and temperature 
compensation. Tests were also run on mutants of the gene lin-42, the homolog to the 
per gene, and a longer circadian period was observed (Simonetta, Migliori, Romanowski, 
& Golombek, 2009). Simonetta et al. (2009) confirmed the ability for the C. elegans 
circadian clock to be entrained via temperature cycles, and uncovered the role of the 
gene homolog to the clock gene per, lin-42 in C. elegans. These findings helped to pave 
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the way for our research into the underlying neural pathways of the temperature-
entrained circadian rhythms of C. elegans. 
 
C. elegans as a model organism for circadian rhythms 
Due to the complexities of the circadian models at this time (Drosophila 
melanogaster and mammals) not much is known about the temperature-entrained 
circadian clock. Recent work showed that C. elegans exhibit circadian locomotor 
behavioral rhythms and resistance to hyperosmotic stress rhythms (Kippert, Saunders, & 
Blaxter, 2002; Saigusa et al., 2002). These rhythms were noted to be temperature-
compensated, in that the rhythms maintained relatively constant periodicity over a 
range of physiological temperatures, indicating that these rhythms are due to a 
circadian clock and not just the effects of temperature on the biochemical kinetics of the 
organism (Eckardt, 2006). These soil dwelling, free-living nematodes experience 
temperature fluctuations during the day-night cycles due to solar irradiance (Ramot, 
MacInnis, Lee, & Goodman, 2008; Robinson, 1994; van der Linden et al., 2010).  These 
natural fluctuations in environmental temperature suggest that a temperature-
entrainable circadian clock in C. elegans would have a benefit in the natural 
environment while the organisms are buried in the soil and not exposed to sunlight. C. 
elegans make a good model organism for circadian rhythms because it has a genome 
that has been completely mapped, simple neural circuitry, genetic amenability, short 
generation time, and access to thousands of mutant strains. Furthermore, circadian 
rhythms have been identified in C. elegans metabolic variables, oxidation state of 
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peroxiredoxin, and in known clock-regulated RNA (Migliori et al., 2011; Olmedo et al., 
2012). Because of C. elegans’ simplicity and ability to temperature-entrain the circadian 
clock, we chose the C. elegans model system to investigate temperature-entrainment of 
the circadian clock.  
 
Goal of thesis 
To understand the pathways from temperature input to circadian regulated 
behavioral output is to determine which neurons are crucial for temperature-entraining 
the circadian clock in C. elegans. There are four main temperature-sensing neurons in C. 
elegans: AFD neuron, AWC neuron, PVD neuron, and ASI neuron. Although all four 
neurons are known to sense temperature (Beverly, Anbil, & Sengupta, 2011; 
Chatzigeorgiou et al., 2010), we hypothesize that only a specific combination of these 
neurons is needed to entrain the circadian rhythm via temperature. Previous 
preliminary results suggest that circadian gene expression is regulated by temperature 
signal in part by the primary AFD thermosensitive neuron (van der Linden et al., 2010). 
 
Novel Circadian Reporters 
To measure rhythmic circadian gene expression entrained by temperature 
cycles, a novel circadian reporter gene (nlp-36::gfp::PEST) was recently developed by 
van der Linden et al. (2010).  The nlp-36 gene was found to cycle robustly during 
entrainment using both cold/warm (CW) and warm/cold (WC) cycles as well as under 
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free-running conditions (Figure 4). These cycles were not observed under light 
entrainment. After subjecting the animals to a temperature pulse, a phase delay was 
observed indicating the use of a circadian clock in regulating expression of nlp-36. Real-
time fluorescence measurements of this reporter in an automated microplate reader 
imaging system allowed for long-term recording and quantification of fluorescence 
emanating from the reporter.   
 
 
Figure 4. nlp-36 expression suggests temperature-entrained circadian regulation. A) 
Growth-synchronized wild type L1 larvae were temperature-entrainment for four days 
to 12h:12h  temperature cycles (25˚C:15˚C) in constant darkness. B) Grey bars represent 
qRT-PCR and black bars represent microarray expression array. The gene nlp-36 exhibits 
rhythmic transcription during free-running conditions, suggesting temperature-
entrained circadian regulation of nlp-36 (van der Linden et al., 2010). 
 
An additional circadian reporter gene was created using the gene B0507.8 that 
has previously been shown to be rhythmic under low-amplitude temperature 
entrainment (Figure 5) (Olmedo et al., 2012). The promoter of B0507.8 was fused with 
mCherry-PEST. The fluorescence protein mCherry was used as a potential way to reduce 
the noise seen in the gfp spectrum due to autofluorescence of the C. elegans and their 
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food, E. coli. A PEST domain is a polypeptide sequence rich in proline, glutamate, serine, 
and threonine and works to expedite the degradation of proteins (Shumway, Maki, & 
Miyamoto, 1999). This degradation causes a high-turnover rate of proteins, so when 
analyzing the data the fluorescence observed is a fair representation of the protein 
being produced at that time.  
 
Figure 5. RNA transcript expression during free-running after cold/warm cycles 
compliments of Olmedo et al., 2012. C. elegans were entrained via temperature cycles 
of 16 hours at 13˚C and 8 hours at 16˚C. On the sixth day temperature cycles were 




Creating additional circadian reporters 
 The first step in making circadian mCherry-PEST reporters is to create a template 
DNA with mCherry-PEST in front of the unc-54 3’ UTR. The muscle myosin gene, unc-54, 
ensures efficient processing of transcripts (Boulin, Etchberger, & Hobert, 2006). This was 
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accomplished by digesting both mCherry-PEST and pMC10 with Xho I and EcoR I. The 
mCherry-PEST and pMC10 were then ligated with T4 DNA ligase, placing the mCherry-
PEST into multiple cloning site 2 (MCS 2) of pMC10 plasmid (Figure 6). Chemically 
competent JM109 cells were transformed with the mCherry-PEST in pMC10 ligation 
reaction. Thirty colonies were picked for colony PCR to confirm transformation. After 
preparing glycerol stocks, miniprepping liquid cultures, restriction digesting miniprep 
samples, and sequencing with pMC10 forward and reverse primers, it was confirmed 
that we had a successful mCherry-PEST in pMC10 and re-named it pDN1.  
 
Figure 6. Plasmid map of mCherry-PEST in pMC10 plasmid. mCherry-PEST was inserted 
into the Multiple Cloning Site 2 (MCS 2) using the enzymes Xho I and EcoR I and the 
ligase T4 DNA ligase. The plasmid pMC10 contains 3642 base pairs and the mCherry-
PEST insert is 840 base pairs, making the new plasmid, pDN1, 4482 base pairs in total. 
 
 The second step is to fuse the circadian promoter with the mCherry-PEST 
(pDN1). Reporter fusion primers were designed according to Table 1 and implemented 
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according to Figure 7. The mCherry-PEST underwent PCR with overhang using primers 
mCherry Fw (C) and mCherry Rv (D) and iProof. The circadian promoter (B0507.8) 
underwent PCR with overhang using template DNA from N2 C. elegans, primers B0507.8 
Fw (A) and B0507.8 Rv (B) and iProof as well. Using iProof again, the B0507.8 promoter 
with overhang and the mCherry-PEST with overhang were joined together using PCR 
with the primers B0507.8 Fw* (A*) and mCherry-PEST Rv* (D*). PCR protocol was as 
follows: (98˚C for 30s)x1; (98˚C for 10s, 55
65 for 30s, 72˚C for 115s)x30s; (72˚C for 7 
min)x1. Successful reactions resembling Figure 8 were cleaned and concentrated using 
Zymo’s DNA Clean & Concentrator™ and then injected into the gonad of adult 
hermaphrodites by Dru Nelson of the University of Nevada, Reno (Mello & Fire, 1995). 
The other promoter used, nlp-36::gfp-PEST, had previously been constructed and 
transformed into C. elegans, strain PY7644 (van der Linden, 2010). However, PY7644 
had a moderate to weak fluorescence that was difficult to separate from the E. coli 
autofluorescence. For this reason, a tax-2;nlp-36::gfp-PEST strain (PY7645)  that exhibits 
a much brighter, more intense fluorescence was outcrossed to wild type in hopes that a 
novel “bright” WT nlp-36::gfp-PEST could be created (van der Linden, 2010). This was 
successful in that the wild type strain retained its high fluorescence and was renamed 








B0507.8 Fw (A) 5’-TCTCCAAATCAGCAATGGGAC-3’ 
B0507.8 Fw* (A*) 5’-TCACGAGAATTGCACATGTCA-3’ 
B0507.8 Rv (B) 5’-ATCCTCCTCGCCCTTGCTCACCATGCGCTGAGCTGTGGACATTT-3’ 
mCherry Fw (C) 5’-ATGGTGAGCAAGGGCGAGGAGGAT-3’ 
mCherry Rv (D) 5’-AAGGGCCCGTACGGCCGACTAGTAGG-3’ 
mCherry Rv* (D*) 5’-GGAAACAGTTATGTTTGGTATATTGGG-3’ 
 
Table 1. Primers designed for fusion of reporter. These primers allow the amplification 
of B0507.8 with overhang and mCherry-PEST with overhang, as well as the fusion of 




Figure 7. Reporter gene fusions. Amplicon #1 is B0507.8 with overhang. Amplicon #2 is 
mCherry-PEST with overhang. Amplicon #3 is B0507.8::mCherry-PEST. (Boulin et al., 
2006). 




Figure 8. Novel reporter of an accepted circadian promoter with a rapidly degrading 
fluorescence protein. B0507.8::mCherry-PEST and nlp-36::gfp-PEST were created as 
reporters in order to visualize circadian cycling or lack thereof. The promoters of 
B0507.8 and nlp-36 were used because they have previously been shown to exhibit 
circadian rhythmicity and thus are believed to be regulated by the circadian clock. Green 
fluorescence protein and mCherry are fluorescent proteins which can easily be detected 
and measured. PEST-domains were added to rapidly degrade the fluorescent proteins in 
order to visualize production of fluorescent protein. 
 
Generating strains with circadian reporter and genetically-ablated neuron 
The third step required generating strains with both the novel circadian reporter 
and the faulty neuron strain. PY7644, the low fluorescence nlp-36::gfp-PEST strain, was 
crossed with CX5922, the non-functional AWC neuron strain (Figure 9). Six PY7644 L4 
males and two CX5922 L4 hermaphrodites were transferred to a single mating plate and 
stored at 20˚C for four days. A high number of male progeny on the plate suggest 
mating successfully occurred and ten weak gfp/rfp L4 hermaphrodites from the F1 
generation were transferred one per plate to self-fertilize at 20˚C for four days. Thirty L4 
hermaphrodites exhibiting the same level of fluorescence as the parent PY7644 from 
the F2 generation, were transferred to their own plates and progeny were tested for 
success of cross. Worms from each cross plate were lysed and the ceh-36 gene (in 
CX5922 containing the point mutation that leads to a loss-of-function in AWC neurons) 
was amplified using novel PCR primers: ceh-36 forward 5’-gttgacttggaactgagttgg-3’ and 
ceh-36 reverse 5’-acaggcaaactcagcagtct-3’, taq polymerase, and PCR amplification. Gel 
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electrophoresis was run to confirm correct PCR product then sent for DNA sequencing 
to confirm point mutation. 
 
 
Figure 9. Cross of homozygous reporter strain (PY7644) with homozygous faulty 
neuron strain (CX5922) to generate AWC-kill;nlp-36::gfp-PEST double mutants. The 
success of the cross was determined using PCR amplification of ceh-36 (gene in which 
point mutation resides causing non-functional AWC neurons) and gel electrophoresis 
followed by sequencing of the amplified DNA. 
 
The same non-functional neuron strain (CX5922) was also crossed with the 
“bright” wild type nlp-36::gfp-PEST (VDL 409). Six VDL 409 L4 males and two CX5922 L4 
hermaphrodites were crossed using the same protocol as above. When picking from the 
F2 generation, only very strong fluorescent worms (as strong as VDL 409 parent strain) 
were picked. The same primers and PCR protocol used in the previous cross were used 
to confirm genetically-ablated AWC neuron in bright GFP C. elegans.  
 The loss-of-function AFD neuron strain (PY7647) was crossed with “bright” wild 
type nlp-36::gfp-PEST (VDL 409) in much the same way as previous crosses. Six VDL 409 
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L4 males and two PY7647 L4 hermaphrodites were transferred to a mating plate and left 
to mate at 20˚C for four days. The F1 progeny was selected for weak gfp/rfp 
(homozygous) and the F2 progeny was selected for bright gfp at the same fluorescence 
as parent VDL 409. This cross was confirmed by screening against mCherry in AFD 
neuron and RFP and GFP in coelomocytes. 
 
Results 
In order to investigate the circadian rhythmicity in C. elegans, the novel reporter 
B0507.8::mCherry-PEST was created. A previously made reporter in our lab, nlp-36::gfp-
PEST, along with the new B0507.8::mCherry-PEST were intended to be integrated and 
crossed with genetically-ablated strains. The reporter nlp-36::gfp-PEST, previously 
integrated, was outcrossed to remove a tax-2 mutation, then successfully crossed with 
the strain PY7647 (genetically-ablated AFD neuron) to determine the ability for 
temperature to entrain the circadian clock in the absence of a functional AFD neuron. 
This new strain was renamed VDL 411.  The reporter nlp-36::gfp-PEST was also crossed 
with the strain CX5922 (genetically-ablated AWC neuron) to test ability of temperature 
to entrain the circadian clock in the absence of a functional AWC neuron. However, 
confirmation of the proper point mutation in ceh-36 that results in the loss-of-function 
of the AWC neuron was not obtained.  




The goal of this thesis was to identify the neural pathways underlying the 
temperature-entrained circadian rhythms of Caenorhabditis elegans. Temperature-
entrainment of circadian rhythms has been observed in many model organisms, such as 
Neurospora, Drosophila, Mus, and Caenorhabditis, and although efforts have been made 
to understand the mechanisms underlying temperature-entrainment this understanding 
is by no means complete (Buhr et al., 2010; Simonetta et al., 2009; Smolen et al., 2001). 
C. elegans provide a model organism that may help us to better understand 
temperature-entrainment on circadian rhythms due to several unique features of this 
nematode. C. elegans have a relatively simple neural circuitry of only 302 neurons, short 
generation time of four days, completely mapped genome, and genetic amenability.  
The first step in uncovering the mechanisms of temperature-entrainment is to 
identify the neural pathways involved. For this reason, novel circadian reporters were 
crossed with genetically-ablated neuron strains to generate mutant strains that were 
deficient in one temperature-sensing neuron and had the capability to measure 
fluorescence to test for circadian expression rhythmicity. It was the intent of this thesis 
to generate mutant strains for the four major temperature-sensing neurons with both 
circadian reporters, B0507.8::mCherry-PEST and nlp-36::gfp-PEST, resulting in 8 strains. 
However, the novel B0507.8::mCherry-PEST reporter was not able to be integrated and 
crossed with genetically-ablated neuron strains. Not all crosses were successful, but we 
did succeed in creating a genetically-ablated AFD neuron with nlp-36::gfp-PEST “Bright” 
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and named this strain VDL 411. As soon as the ideal protocol for the microplate reader is 
established, VDL 411 will be temperature-entrained and tested for its circadian 
rhythmicity during free-running based on GFP fluorescence.  
To further this study, PVD and ASI genetically-ablated strains should first be 
obtained. All genetically-ablated temperature-sensing neurons should be linked to both 
B0507.8::mCherry-PEST and WT nlp-36::gfp-PEST. Crosses within each promoter should 
be made with all combinations of the four temperature-sensing neuron dysfunctional 
strains. After all crosses have been made and run in the microplate reader, we could 
work backwards in a sense by looking first at the quadruple neuron dysfunctional strain, 
which should show absolutely no circadian rhythmicity after temperature-entrainment, 
and then look at the triple  neuron dysfunctional strains and then the double neuron 
dysfunctional strains until circadian rhythmicity reappears. It should also be noted that 
this experiment only utilized two circadian reporters. Other reporters that have been 
suggested to be regulated via circadian clock should also be incorporated into the 
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